Cohesin acetyltransferases Esco1 and Esco2 play a vital role in establishing sister 17 chromatid cohesion. How Esco1 and Esco2 are controlled to achieve this in a DNA 18 replication-coupled manner remains unclear in higher eukaryotes. Here we show that 19 Cul4-RING ligases (CRL4s) play a critical role in sister chromatid cohesion in human 20 cells. Depletion of Cul4A, Cul4B or Ddb1 subunits substantially reduces normal 21 cohesion efficiency. We also show that Mms22L, a vertebrate ortholog of yeast 22 Mms22, is one of Ddb1 and Cul4-associated factors (DCAFs) involved in cohesion. 23 Several lines of evidence suggest a selective interaction of CRL4s with Esco2, but not 24 Esco1. Depletion of either CRL4s or Esco2 causes a defect in Smc3 acetylation which 25 can be rescued by HDAC8 inhibition. More importantly, both CRL4s and PCNA act 26 as mediators for efficiently stabilizing Esco2 on chromatin and catalyzing Smc3 27 acetylation. Taken together, we propose an evolutionarily conserved mechanism in 28 which CRL4s and PCNA regulate Esco2-dependent establishment of sister chromatid 29 cohesion. 30 31 3 Author summary 32 We identified human Mms22L as a substrate specific adaptor of Cul4-Ddb1 E3 33 ubiquitin ligase. Downregulation of Cul4A, Cul4B or Ddb1 subunit causes reduction 34 of acetylated Smc3, via interaction with Esco2 acetyltransferase, and then impairs 35 sister chromatid cohesion in 293T cells. We found functional complementation 36 between Cul4-Ddb1-Mms22L E3 ligase and Esco2 in Smc3 acetylation and sister 37 chromatid cohesion. Interestingly, both Cul4-Ddb1 E3 ubiquitin ligase and PCNA 38 contribute to Esco2 mediated Smc3 acetylation. To summarise, we demonstrated an 39 evolutionarily conserved mechanism in which Cul4-Ddb1 E3 ubiquitin ligases and 40 PCNA regulate Esco2-dependent establishment of sister chromatid cohesion.
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reported previously by other groups [29, 36] . 155 Meanwhile, in order to obtain insight into how Esco2 is regulated, we searched for its 156 interaction partners using affinity purification coupled mass spectrometry (AP-MS).
157
To this end, Esco2 carrying both His6 and 5Flag tags was over-expressed in 293T 158 cells and subjected to tandem affinity purification. Interestingly, Ddb1, together with 159 many histone subunits and chaperones (e.g., HP1), was repeatedly detected among the 160 co-purified proteins with Esco2-HF ( Fig 3A) . We then performed 161 immunoprecipitations to corroborate the interaction through ectopically expressing 162 Flag tagged subunit of CRL4s in 293T cells. Consistently, Esco2 clearly 163 co-precipitated with not only Ddb1 ( Fig 3B) Fig, compare lanes 1, 2 and 7) , which was partially restored through ectopic 220 expression of Ddb1 or Mms22L (S4B Fig, compare lanes 1, 5 and 6 ). Over-expression 221 of either Cul4A or Cul4B was also capable of stimulating Smc3 acetylation to a 222 similar extent (S4B Fig, lanes 3 and 4) . These results suggest that the compensation of 
232
To further validate the role of CRL4s in Smc3 acetylation, we then asked whether 233 inhibition of HDAC8 is able to restore compromised Smc3 acetylation caused by 234 CRL4 Mms22L -depletion. Since HDAC8 is the deacetylase of Smc3 [39], we treated 235 proliferating cells with the HDAC8 inhibitor, PCI-34051. In the presence of 236 PCI-34051, Smc3 acetylation increased markedly in both WT and Esco2-depleted 237 cells ( Fig 5B, lanes 1-4) , as reported previously [32] . There is a similar increase in the 238 Smc3ac level when Ddb1 and Mms22L were depleted individually (lanes 5-8).
239
Nevertheless, Shirahige's group shows that PCI-34051 is not able to restore the Esco2 alleles defective in either CRL4s-binding (Esco2-LG) or PCNA-binding 248 (Esco2-PIP) according to highly conserved sites from yeast to human ( Fig 6A) . To 249 obtain a catalytic-deficient enzyme, we also introduced the missense mutation 250 W539G in Esco2, which occurs frequently in Roberts Syndrome (RBS) patients [40] . Esco2-LG exhibited a significant decrease in Smc3 acetylation and cohesion efficacy 254 to a similar extent as the catalytic-deficient W539 allele ( Fig 6B, lane 3) , indicating 255 that CRL4s-mediated interaction is crucial for Esco2 operating on Smc3. Similarly, a 256 PCNA-interaction defective allele, Esco2-PIP, reduced Smc3 acetylation and cohesion 257 efficacy as well (lane 2). Interestingly, when we combined both mutations on Esco2 258 (Esco2-LG-PIP), we found a synergistic loss of Smc3 acetylation and cohesion (Fig   259   6B, lane 4) . These data suggest that the function of Esco2 is cooperatively regulated 260 through its dual interaction with both CRL4 Mms22L and PCNA.
261
Since both CRL4 Mms22L and PCNA associate with replication forks, we then analyzed 262 14 the contribution of Ddb1 and PCNA to the chromatin recruitment of Esco2.
263
Chromatin fractions were prepared from the 293T cells transfected with siRNAs 264 specific to Ddb1 or PCNA. Depletion of either Ddb1 or PCNA led to moderately 265 reduced amounts of Esco2 on chromatin (Fig 6C, lanes 6 and 7) . The combinational Fig 6C, lane 8, panel 2) . In good agreement with this, only 272 when Ddb1 and PCNA depletions were combined, dramatic cell death was observed 273 by live cell staining ( Fig 6D) . These data suggest a cooperative mechanism for CRL4s 274 and PCNA to properly target the essential cohesin acetyltransferase Esco2 on its 275 substrate Smc3, which contributes to the coupling between the establishment of sister 276 chromatid cohesion and replication fork progression in human cells ( Fig 6E) .
277

Discussion
278
How sister chromatid cohesion is established in mammals remains largely unclear.
279
Here we have identified an evolutionarily conserved mechanism of CRL4 ubiquitin 280 ligases, together with PCNA, in regulation of DNA replication-coupled cohesion 281 establishment in human cells.
282
The essential step to establish cohesion is Smc3 acetylation by Eco1 and Esco in yeast 283 and human, respectively [13] [14] [15] . Precise control of the reaction is required for this 284 15 essential cellular process. One of the main findings of this study is that human 285 CRL4 Mms22L ligases exclusively interact with and preferentially regulate Esco2.
286
Despite that both Esco1 and Esco2 catalyze acetylation of Smc3, their temporal 287 regulation is distinct [32, 37, 41] . Esco1 acetylates Smc3 in a Pds5-dependent manner 288 before and after DNA replication [37] , whereas Esco2 is believed to function during S 289 phase. Our findings provide molecular details of how Esco2 is controlled in a DNA to test the functional interplay among these fork-associated factors in future.
307
In addition to these interactions, CRL4s have been found to be involved in multiple 308 replication-coupled chromatid events. For instance, Cul4-Ddb1 (Rtt101-Mms1) 309 ubiquitylates histone H3-H4, which elicits the new histone hand-off from Asf1 to 310 other chaperones for chromatin reassembly in both yeast and human cells [34] .
311
Another CRL4, CRL4 WDR23 , ubiquitylates SLBP to activate histone mRNA 312 processing and expression during DNA replication [51] . Further studies are needed to 313 illustrate the details of crosstalk among these replication-coupled events, for instance, 314 nucleosome assembly and cohesion establishment÷ in human cells. Agricultural University) and Flag was replaced by GFP or mCherry when necessary.
337
Chromosome spreads 338 Chromosome spreads were performed as described in [54] , with minor modifications.
339
In brief, cultured cells were harvested by trypsinization and then 75 mM KCl was 340 used as hypotonic treatment. Cells were fixed with methanol and acetic acid (3:1) 341 three times and then dropped onto the slides. After half an hour, cells were stained 342 with 0.05% Giemsa (Merck) for 10 min at room temperature. Images were captured 343 using a Leica microscope equipped with a 100×/NA1.3 oil objective. The incidence of 
